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Carotenoids  offer  animals  many  nutritional,  health,  and  reproductive 
benefits.  When  in  high  supply,  carotenoids  can  boost  antioxidant  protection 
and immune strength as well as stimulate egg production and enrich the color 
of  sexual  ornaments  like  feathers.  Certain  reproductive  investments,  howev-
er, often come at the cost of others; for example, the production of many off-
spring may compromise the quality of those offspring. Under such a scenario, 
we rarely know the precise intrinsic or extrinsic mechanism that generates such 
a reproductive trade-off. Here I show that variation in dietary carotenoid intake 
mediates a trade-off between egg quantity and quality in female Japanese quail 
(Coturnix japonica). Females fed high doses of two common plant carotenoids, 
lutein and zeaxanthin, during a 1-month diet experiment were more likely to lay 
eggs, but produced eggs with significantly smaller yolks. Yolk serves as the criti-
cal nutritional supply for developing embryos, and several studies show dramatic 
negative developmental consequences for offspring that are allocated scant yolk 
reserves. These results demonstrate nutritional control of yolk size and highlight 
a potential reproductive cost of high carotenoid accumulation in multiparous 
birds. In future studies, we should consider total yolk-carotenoid reserves rather 
than simply carotenoid concentration to better understand the cost-benefit bal-
ance of these nutrients.
key worDs:  Coturnix  japonica,  egg-yolk  carotenoids,  lutein,  maternal  effects, 
maternal investment, reproductive trade-offs, yolk size, zeaxanthin.
INTRODUCTION
Mothers  from  egg-laying  animals  shunt  nutrients  to  their  offspring,  in  the 
form of yolk, prior to hatching. Yolk components nourish embryos during develop-
ment and facilitate proper growth and survival (williaMs 1994). During these breed-
ing times, however, mothers are faced with the challenge of using nutrients to drive 
their own energy-demanding reproductive efforts, or to allocate them to offspring. 
In fact, an inherent trade-off between offspring quality and quantity often emerges 
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(sMiTh & FreTwell 1974, sinervo & svensson 1998); mothers may invest nutrients 
in producing large numbers of eggs, but this comes at the expense of reduced egg 
quality (e.g. size, nutrient load; nager et al. 2000).
One such class of nutrients that plays a valuable role in both maternal repro-
duction and yolk-mediated embryonic development are the carotenoids (blounT et 
al. 2002, blounT 2004). Carotenoids are fat-soluble molecules that animals acquire 
from the diet and use for a variety of physiological and morphological purposes. At 
the somatic level, carotenoids provide antioxidant defenses to the body’s cells and 
tissues (Møller et al. 2000, krinsky 2001), modulate responsiveness of the immune 
system (MCgraw & arDia 2003, Chew & Park 2004), and offer photoprotection in 
sensitive tissues like the eye (ThoMson et al. 2002). Regarding gametic and repro-
ductive investment, carotenoids are incorporated into external tissues like feathers, 
scales, and skin to become colorful and advertise sexual attractiveness and parental 
quality (hill 2002). They have also been shown recently, when in high dietary sup-
ply, to stimulate egg-laying in gulls (blounT et al. 2004) and to increase survival of 
nestling finches (MCgraw et al. 2005). Interestingly, despite the expectations of the 
offspring quantity/quality trade-off, few studies have demonstrated negative somatic 
or reproductive consequences experienced by breeding mothers given high carote-
noid supplies. Based on this hypothesis, one would predict that the reproductive 
benefits of carotenoid accumulation and use are not necessarily universal and that 
there may be subtle, compromising modifications of egg or offspring quality, espe-
cially in species that produce large numbers of clutches or eggs per reproductive 
attempt or season.
Here, I experimentally investigated the effect of carotenoid intake on egg pro-
duction and characteristics in Japanese quail (Coturnix japonica). I manipulated 
two naturally occurring dietary carotenoids (the xanthophylls lutein and zeaxan-
thin) across a broad range of concentrations in captive quail for one month and 
considered both the eggs, laying capacity of females as well as an important meas-
ure of embryonic nutrition in eggs-yolk size. Yolk size is an important determinant 
of hatchling growth and size in animals from lizards (raDDer et al. 2002, warner & 
anDrews 2002) to birds (hill 1993, Dzialowski & soTherlanD 2004).
METHODS
Forty female quail, all of which were 23 weeks of age on the last day of the experiment, 
were housed in individual pens in the Meyer indoor animal facility on the campus of the Uni-
versity of California-Davis. During the study, ambient temperature was held constant at 22 
°C, relative humidity at 55%, and light intensity at 100 lumins. Birds were kept on a constant 
day:night cycle of 12:12 hr.
I established eight treatment groups of five quail each, varying only in dietary caroten-
oid concentration (0, 15, 30, 45, 60, 75, 90, and 105 mg carotenoid/kg diet). Though nothing 
is yet known of natural variation in carotenoid levels in wild quail, I chose this range of doses 
because it matches that found in the only quantitative study of dietary carotenoids in wild 
granivorous birds (house finches [Carpodacus mexicanus]; hill et al. 2002). All quail were fed 
a rice- and soy-based diet that was formulated to meet or exceed all NRC requirements for 
chickens (Table 1; sensu kouTsos et al. 2003). To this diet, I added the appropriate amount 
of xanthophyll carotenoids, in the form of 10% Oro-Glo (Kemin Industries, Inc., Des Moines, 
IA), for each treatment group during the one-month feeding experiment. Oro-Glo contains 
two naturally occurring xanthophylls, lutein and zeaxanthin, at a ratio of 93:7%.249 Dietary and yolk carotenoids in quail
For the 2 months before the experiment began, birds were fed the base diet, free of 
carotenoids, in order to remove any carotenoids that birds had in circulation or tissue stor-
age (e.g. liver). This was done because, prior to the study, birds were fed a commercial diet 
(Layena 6501, Purina Mills, St Louis, MO) that contained a small amount of carotenoids (ca 
10 mg/kg; unpubl. data). After consuming the carotenoid-free diet for 2 months, I visually 
inspected a subset of yolks to evaluate the success of the ‘bleaching’ process and all (n = 6) 
were pale.
To examine the effects of carotenoid feeding on egg production and yolk character-
istics, I collected eggs at two points during the study: on the 24th and 31st day after caro-
tenoid supplementation was initiated. I evaluated yolk characteristics for the 2nd (larger) 
set of eggs only; at this time point, 21 eggs were collected (n = 2, 2, 2, 2, 4, 2, 3, and 4 for 
the respective treatment groups, from 0 up to 105 mg/kg). My measure of egg-laying capac-
ity was determined by averaging the % of females in each treatment group that produced 
eggs on each collection day. To be sure that the dietary carotenoid treatments significant-
ly impacted yolk-carotenoid contents, I scored the color of yolks using digital photography 
and computerized image analysis. Fresh eggs were cracked open and the contents gently 
emptied into a Petri dish. Two photographs were taken of each egg against a neutral-gray 
photograph board and under standardized indoor lighting conditions. A yellow color chip 
was included in each image as a reference, to account for any interphotograph differences 
in color capture and image size. I imported images into Adobe Photoshop (at a resolution 
of 1760 × 1168 pixels), highlighted the full area of the yolks with the Lasso marquee, and 
scored yolk coloration along three traditional axes of color — hue, saturation, and bright-
ness — using the HSB scale under the Color Picker function (sensu MCgraw et al. 2002). 
I then measured the area of yolk by determining the number of pixels occupied using the 
Histogram function (sensu MCgraw et al. 2002) and comparing it to the yellow color stand-
ard of known area.
RESULTS
Treatment effects on yolk coloration, yolk size, and egg-laying capacity
Dietary  carotenoid  treatment  had  a  significant  effect  on  both  yolk  hue 
(ANOVA, r2 = 0.77, F7,20 = 6.12, P = 0.003) and saturation (r2 = 0.80, F7,20 = 7.49, P = 
0.001), but not brightness (r2 = 0.31, F7,20 = 0.83, P = 0.58; Fig. 1). Post-hoc pairwise 
comparisons revealed that yolks from the 0 mg/kg group had significantly higher 
(less yellow) hue scores than those from the 30, 45, 60, 90, and 105 mg/kg carote-
noid group and exhibited significantly less saturated colors than yolks from the 45, 
60, 90, and 105 mg/kg carotenoid groups (Tukey-Kramer HSD tests, all P < 0.05; 
Fig. 1).
Experimental variation in dietary carotenoid access also had significant effects 
on other egg characteristics. Carotenoid dose affected both female egg-laying pro-
pensity (r2 = 0.84, F7,15 = 6.1, P = 0.01) and yolk size (r2 = 0.73, F7,20 = 4.96, P = 
0.006), but in opposite directions. Females fed high amounts of carotenoids (60 and 
105 mg/kg) were more likely to lay eggs on the randomly selected collection days 
than females fed lower amounts of carotenoids (0 and 75 mg/kg) (Fig. 2a). How-
ever, females supplemented with high amounts of carotenoids laid eggs with yolks 
that were significantly smaller in area; in particular, females fed the two highest 
carotenoid doses (90 and 105 mg/kg) laid eggs with significantly smaller yolks than 
females fed 45 and 75 mg/kg (Tukey-Kramer HSD tests, all P < 0.05; Fig. 2b).250 K.J. McGraw
Fig. 1. — Effect of dietary carotenoid supplementation on egg-yolk color in female Japanese quail. 
C0 through C7 treatments correspond to 0, 15, 30, 45, 60, 75, 90, and 105 mg/kg of carotenoid 
added to the base diet. Horizontal lines (from top to bottom) in the diamond plot signify the 25th, 
50th, and 75th percentiles; outer points (from top to bottom) indicate the 10th and 90th percentiles. 
Yolk colors were scored in traditional tristimulus color space (hue, saturation, and brightness) using 
digital photography under standard lighting conditions. Yolks became oranger in hue and more 
saturated with increasing dietary carotenoid content (see text for statistics).
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Correlations between yolk color, yolk size, and egg-laying capacity
Because females were randomly assigned to dietary treatments, I expected a 
notable amount of unaccounted for and inherent (genetically/physiologically based) 
variation in carotenoid use among groups. Thus, in addition to blocking by treatment 
group in my statistical analyses, I also took the approach of correlating individual 
measures of yolk coloration (my mark of their response to the treatment) with both 
yolk area and egg-laying capacity. I suspected that this might clarify some of the rela-
tionships between diet and yolk color/size that were not perfectly dose-dependent 
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Fig. 2. — Effect of dietary carotenoid supplementation on egg-laying capacity and yolk size in fema-
le Japanese quail. See legend of Fig. 1 for more information on carotenoid treatments. Eggs were 
collected on 2 randomly selected days post-supplementation, and egg-laying capacity represents the 
average percent of females that produced an egg on each collection day. Yolk area was measured 
from eggs collected using digital photography, with a size standard included in each photograph to 
control for (slight) interphoto variation in the distance between camera and subject.252 K.J. McGraw
(e.g. the high hue and low saturation values, but large area of the yolks from the 75 
mg/kg treatment group). Among all eggs studied, both yolk size (Fig. 3) and the per-
centage of females laying eggs per treatment group (Fig. 4) were significantly nega-
tively correlated with yolk hue and significantly positively correlated with yolk satura-
tion. Moreover, though not statistically significant, group means of yolk size tended 
to be negatively correlated with group egg-laying propensity (Fig. 4).
DISCUSSION
I experimentally demonstrate a carotenoid-driven trade-off between offspring 
quantity and quality in quail. Quail hens fed large supplies of dietary carotenoids 
were more likely to lay eggs during the study, but their eggs contained a smaller 
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Fig. 3. — Correlations between the yolk-color parameters that significantly varied with diet (hue 
and saturation) and yolk area for Japanese quail eggs. Points represent individual birds from all 
treatment groups. Pearson’s correlational tests showed that oranger and more saturated yolks were 
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amount of total yolk reserve. The nutritional challenges of producing many, high-
quality offspring have been previously examined and confirmed in birds (e.g. lesser 
black-backed gulls, Larus fuscus; nager et al. 2000), but to date no individual nutri-
ents have been targeted as potential mediators of this trade-off. Due to their var-
ied physiological effects, carotenoids may be important molecules for limiting and 
enhancing aspects of reproductive performance in birds and other animals (blounT 
2004, blounT et al. 2004).
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Fig. 4. — Correlations between egg-laying capacity and both yolk color (hue and saturation) and 
area in Japanese quail. Points represent treatment means. Spearman-rank correlational tests were 
used, due to small sample sizes, and show that birds who produced more eggs tended to lay eggs 
with more orange, more saturated, and smaller yolks.254 K.J. McGraw
There are several possible molecular mechanisms by which carotenoids dually 
control these breeding efforts. Carotenoids may directly stimulate egg-production 
through the upregulation of estrogenic enzymes (e.g. ng et al. 2000) or by offering 
antioxidant protection to egg precursors and components (e.g. vitellogenin, VLDL; 
blounT 2004, blounT et al. 2004). Carotenoids could also modify yolk size directly, 
by accelerating follicular growth rates (ChrisTians & williaMs 2001) due to their 
gene-regulatory or antioxidant capacity. However, this could also occur indirectly, as 
the act of egg production itself depletes internal yolk supplies (nager et al. 2000). 
Because of different energetic demands, trade-offs that are documented experimen-
tally in the lab are not always borne out in free-living animals (e.g. for testoster-
one and immunity in birds; PeTers 2000), so it will be important now to examine 
egg investment in several species of wild birds to determine the prevalence of this 
nutrient-specific trade-off. For the aforementioned ‘indirect’ mechanism, one would 
predict that a quantity/quality trade-off would be common in multiparous species 
(either with large clutches or many clutches per year). In support of this, gulls lay 
few (ca 3) eggs per year, and no carotenoid-mediated trade-off in egg production 
and yolk size has been reported (blounT et al. 2004).
This study provides the second documented negative effect of carotenoid sup-
plementation (at physiological levels) on breeding investment in birds. blounT et 
al. (2002) showed that high carotenoid levels led to decreased concentrations of 
maternal antibodies in the yolks of free-living gulls. Taken together, these results 
suggest that there may be costs to allocating carotenoids to certain reproductive 
efforts over others, much like lozano (1994) proposed for the allocation of caroten-
oids to health versus sexual coloration. Studies that follow the fitness consequences 
of these investments will help clarify the relative importance of different means of 
carotenoid allocation. In my study, for example, it is unclear whether eggs contain-
ing carotenoid-deficient but larger yolks would have been more likely to hatch or 
produce young with different growth rates or survival probabilities than eggs con-
taining carotenoid-rich but small yolks.
The reported findings also support the carotenoid basis of yolk-color variation 
in birds. Carotenoids and riboflavin (squires & naber 1993) give yellow color to 
yolks, and in animals other than chickens no studies have experimentally manipu-
lated dietary carotenoid content and confirmed that the intensity of yolk color is 
due to increased carotenoid levels. In fact, yolk coloration is not the lone aspect 
of  carotenoid  investment  that  researchers  should  be  measuring.  Total  caroten-
oid investment, in milligrams, is the important biological parameter of interest to 
breeding  mothers  and  their  developing  embryos,  and  to  measure  this  one  must 
quantify both total carotenoid concentration and yolk mass. Future studies should 
adopt this more comprehensive approach so that we can continue to improve our 
understanding of the costs and benefits of carotenoids in animal systems.
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